We have investigated in rat brain slices the effects of the volatile anaesthetics enflurane, isoflurane and halothane on spontaneous discharge patterns and mean firing rates of cerebellar Purkinje cells. In the absence of these anaesthetics, Purkinje cells fired bursts of action potentials separated by quiescent periods lasting less than 2 s. Mean discharge rates were 10.8 (SEM 0.4) Hz at 23Ϯ1 ЊC and 25.6 (1.2) Hz at 35Ϯ1 ЊC. The agents exhibited qualitatively different effects when applied at concentrations corresponding to 1-3 MAC. Enflurane markedly lengthened burst and inter-burst durations. Isoflurane acted in a similar manner, but effects were less pronounced. In contrast with isoflurane and enflurane, halothane shortened burst durations. At concentrations corresponding to 1-1.5 MAC, halothane, isoflurane and enflurane significantly depressed action potential firing by 15-30% (P:0.05). Enflurane 1.2 mmol litre 91 (2.0 MAC), isoflurane 0.9 mmol litre 91 (2.8 MAC) and halothane 0.9 mmol litre 91 (3.8 MAC) depressed spontaneous spike rates by 50%. The changes in discharge patterns and the concentration-dependent decrease in the firing rates were similar at 23Ϯ1 ЊC and 35Ϯ1 ЊC. In summary, we observed that neither the anaestheticinduced alterations in spontaneous discharge patterns nor the EC 50 values of the concentrationdependent depression of the mean firing rates were in accordance with the Meyer-Overton rule. However, at clinically relevant concentrations, depression of average spike rates did not differ significantly between the anaesthetics and thus followed the rule. Our results suggest that anaesthetic actions, which are in accordance with the rule, are frequently masked by several side effects. (Br.
The efficacy of volatile general anaesthetics in depressing painful stimuli-evoked movements in mammals is predicted well by the Meyer-Overton rule which correlates the potency of these compounds with fat solubility. 1 2 For a molecular mechanism, possibly involved in the anaesthetic state, it is regarded as a prerequisite that the effects follow this rule. 3 Anaesthetic-induced inhibition of motor responses, such as the righting reflex, seems to be related mainly to the depressant effects observed in the spinal cord. 4 5 Volatile anaesthetics also reduce neuronal activity in many other parts of the central nervous system, including the hippocampus, [6] [7] [8] [9] [10] [11] neocortex, 12 thalamus 13 14 and olfactory cortex. 15 16 In several studies, the decrease in neuronal activity observed during anaesthesia was attributed to various mechanisms, for example activation of potassium channels, 17 18 depression of spike after hyperpolarizations, 12 inhibition of sodium channels, 19 depression of synaptic excitation 20 and potentiation of synaptic inhibition. 21 However, the question remains as to which of these examples follows the Meyer-Overton rule.
In the nervous system, information is coded into spike patterns and spike rates. We assume that anaesthetic-induced alterations in firing patterns of central neurones should be also in accordance with the rule, given that the underlying molecular mechanisms are related to the state of general anaesthesia. At present, little information is available on how volatile anaesthetics affect spike patterns in different parts of the central nervous system.
We have investigated the effects of halothane, isoflurane and enflurane on spontaneous action potential firing of cerebellar Purkinje neurones in vitro. Purkinje cells exhibit spontaneous activity even in acutely isolated brain slices. [22] [23] [24] This enabled us to test the Meyer-Overton rule by comparing the effects of three anaesthetics on discharge patterns and mean firing rates. gas flow of approximately 2 litre min
91
. The desired vapour concentrations of volatile anaesthetics were delivered by calibrated vaporizers (Draeger, Germany). EC 50 values for general anaesthesia were determined as described previously. 25 
PREPARATION OF CEREBELLAR BRAIN SLICES
Slices were prepared according to procedures similar to those described by Edwards and colleagues. 26 In brief, 13-16-day-old rats were anaesthetized deeply with enflurane, isoflurane or halothane, decapitated and the brains removed rapidly. Brains were stored for 10-12 min in ice-cold artificial cerebrospinal fluid (ACSF) consisting of (mmol litre 91 ): NaCl 125, KCl 2.5, NaH 2 PO 4 1.25, MgCl 2 1, NaHCO 3 26, CaCl 2 2 and glucose 25. The cerebellum was glued onto a Teflon block and 250-300-m thick sagittal slices were cut with a vibratome (Campdgen, UK). Slices were stored in a bath of ACSF at room temperature bubbled with 95% oxygen and 5% carbon dioxide. They were then transferred to the recording chamber 1-6 h later and perfused continuously with ACSF at a flow rate of approximately 1 ml min
91
.
STAINING OF PURKINJE CELLS
Neurones in cerebellar slices were filled with Biocytin by means of the patch-clamp technique. 27 Standard immunocytochemical methods were used for further processing. 27 28 EXTRACELLULAR RECORDINGS Slices were viewed under low magnification with an inverted microscope. The typical layering of sagittal cerebellar slices was well visible. ACSF-filled glass electrodes with resistances of approximately 5 M⍀ were positioned on the surface of the Purkinje cell layer ( fig. 2 ). They were advanced into the slices until extracellular spikes exceeding 300 V in amplitude were observed and a single unit could be discriminated clearly. Noise amplitude was 20-100 V.
CONTROL OF EXPERIMENTAL TEMPERATURE
Experiments were carried out at either 22-24 ЊC or 34-36 ЊC. The recording chamber consisted of a metal frame with a glass bottom. A heating wire was glued onto the metal frame. In cases where experiments were carried out at body temperature, the frame was heated by passing an appropriate DC current through the heating wire. PREPARATION . Anaesthetics were applied via bath perfusion using syringe pumps (ZAK, Germany) which were connected via Teflon tubing to the experimental chamber. Flow rate was approximately 1 ml min
91
. When switching from ACSF to drug-containing solutions, the medium in the experimental chamber was replaced within 2 min by at least 95%. Effects on spike patterns were stable at approximately 5 min later. This delay may be attributed to diffusion of the test solution into the tissue. The time required to observe recovery increased with the concentration tested. With 0.5-2 MAC, full recovery was reached after 12-15 min and with 4-6 MAC after 30-60 min. For a single application, stable recording for at least 1 h was necessary.
DATA ANALYSIS Data were low-pass filtered between 3 and 10 kHz, acquired on a PC with the digidata 1200 AD/DA interface and pClamp 6 software (Axon Instruments, USA) at 10-20 kHz. Simultaneously, records were stored on a Sony data recorder for further analysis. Extracellularly recorded spikes were counted on-or off-line using software event detectors. Spike rates were measured as mean spikes occurring in a period of 180-300 s. Inter-spike interval and burst analysis were performed by the pClamp program package. For statistical analysis the paired Student's t test was used. Unless otherwise stated, results are given as mean (SEM).
Results

SENSITIVITY OF ANIMALS TO VOLATILE ANAESTHETICS
In this study, brain slices were derived from 13-16-day-old Sprague-Dawley rats. We first assessed if these young animals and adult rats were equally sensitive to volatile anaesthetics. The potencies of the anaesthetics were estimated from dose-dependent depression of painful stimulievoked movements according to a procedure reported previously. 25 The results summarized in figure 1 and table 1 show that, in the case of approximately 2-week-old rats, half-maximal depression by halothane, isoflurane and enflurane was observed at concentrations close to those reported for adult animals. 25 31-33 
EFFECTS OF VOLATILE ANAESTHETICS ON THE DISCHARGE RATES OF PURKINJE CELLS IN CEREBELLAR SLICES
Extracellular recordings were performed on 464 single Purkinje cells by positioning glass electrodes in sagittal cerebellar brain slices, as illustrated in figure 2A . Electrodes were advanced into the Purkinje cell layer until biphasic signals with amplitudes of approximately 0.2-1.0 mV could be discriminated clearly from baseline noise, which was usually less than 0.1 mV. In figure 2B a typical activity pattern, obtained at 23<1 ЊC, is shown. If inter-spike intervals lasting longer than 250 ms are considered as inter-burst intervals, the large unit fired bursts of action potentials separated by gaps of 0.2-2 s in duration. Bath application of tetrodotoxin 0.5 mol litre
91
, which blocks Na + channels, reversibly suppressed these spontaneous voltage deflections ( fig. 2B , n:5), indicating that they were generated by fast sodium spikes of a neurone close to the micropipette. To determine if the potency of the tested anaesthetics depended on a particular temperature, recordings were carried out at 23<1 ЊC or 35<1 ЊC. Increasing the temperature by approximately 10 ЊC shortened inter-burst durations and increased spontaneous firing rate by more than twofold ( fig. 2C, D) .
In figure 3 representative examples of the effects of enflurane, isoflurane and halothane on firing pattern ( fig. 3A ) and discharge rate ( fig. 3B ) of a Purkinje cell are shown. The anaesthetics were applied at concentrations twice as high as the EC 50 value for general anaesthesia (2 MAC). They exhibited qualitatively different effects on the same neurone. Enflurane caused the cell to fire long bursts of action potentials, separated by gaps of approximately 10-20 s in duration. Spike patterns were similar in the presence of isoflurane, but burst and inter-burst durations were shorter ( fig. 3B ). In contrast with enflurane and isoflurane, halothane shortened burst durations and increased the firing rate within bursts. The effects were reversed on removing the anaesthetic. The actions of volatile anaesthetics on the activity patterns of Purkinje cells were characterized further by comparing inter-spike interval histograms obtained from recordings carried out before, during and after treatment. The histograms shown in figure  4 were derived from three different cells. Under control conditions, all histograms exhibited a prominent peak at 50-100 ms and a smaller one at 1-2 s. These peaks corresponded to inter-spike intervals within the bursts and inter-burst durations (for comparison see figs 2B and 3A). Inter-burst durations exceeding 3 s were not observed. The anaesthetics introduced long-lasting inter-burst intervals into the histograms; up to 12 s with enflurane and up to 7 s with isoflurane and halothane.
In figure 5 , the concentration-dependent actions of volatile anaesthetics on the averaged inter-burst intervals are shown at different temperatures. The time criterion distinguishing between bursts and inter-bursts was set at 250 ms. The analysis was restricted to neurones exhibiting firing rates close to 10 Hz at 23Ϯ1 ЊC and to 25 Hz at 35Ϯ1 ЊC before exposing the cells to the anaesthetics. At both temperatures, enflurane increased inter-burst durations to approximately 10-20 s in a concentrationdependent manner. In the presence of halothane and isoflurane, inter-burst durations were 0.5-2 s. From the data shown in figures 3-5, it is evident that the effects of the anaesthetics were qualitatively different at both temperatures.
In spite of the discovery that anaesthetic-induced changes in the firing patterns of Purkinje cells did not follow the Meyer-Overton rule, it seemed possible that concentration-dependent depression of mean spike rates was in accordance with the predictions of the rule. In figure 6 , the discharge rates and depression of spontaneous spiking are plotted against MAC values and concentrations of applied anaesthetics. Recordings were carried out at 23<1 ЊC and 35<1 ЊC. The effects at 0 MAC were obtained by applying ACSF and analysing the data according to the usual procedure. EC 50 values interpolated from the concentration-response curves on depression of mean firing rates are summarized in table 2. The results displayed in figure 6 and table 2 show that although mean firing rates were affected considerably by changes in temperature, the relative decrease in spike rates caused by volatile anaesthetics were similar at both temperatures. Furthermore, EC 50 values were not in accordance with the predictions of the Meyer-Overton rule (table 2) .
The data presented in figure 6 demonstrate that, at least in the case of halothane and isoflurane, halfmaximal inhibition of spike rates occurred at high concentrations, corresponding to approximately 3-4 MAC values. Although the decrease in spontaneous activity recorded at concentrations corresponding to 1.0-1.5 MAC was relatively low (15-30%), it was statistically significant for all anaesthetics ( fig. 7) . The data summarized in figure 7 show further that, at a range of clinically relevant concentrations depression of spike rates induced by enflurane, isoflurane and halothane did not differ significantly (P:0.05) and thus were in accordance with the predictions of the Meyer-Overton rule.
Discussion
COMPARSION WITH RELATED STUDIES
Nicoll and Madison analysed the effects of general anaesthetics on hippocampal and spinal neurones. 34 They observed that when cells were exposed to anaesthetics, membrane resting potential hyperpolarized and input resistance decreased. The results suggested that the efficacies of the agents were in accordance with the Meyer-Overton rule. Unfortunately, in this study concentrations 10 times higher than those required to produce anaesthesia were used.
The effects of halothane, isoflurane and enflurane in the hippocampus slice preparation were evaluated by Fujiwara and co-workers. 8 The authors found that at clinically relevant concentrations the order of Figure 7 Depression of mean firing rates by clinically relevant concentrations of halothane (Hal.) isoflurane (Iso.) and enflurane (Enf.) at 23Ϯ1 ЊC and 35Ϯ1 ЊC. Data were pooled from those recordings in which concentrations corresponding to 1.0-1.5 MAC were applied. At both temperatures, the anaesthetics significantly depressed spontaneous spike rates (P:0.05).
anaesthetic potencies was not consistent with MAC values. As demonstrated in this study, anaestheticinduced changes in firing patterns differed with respect to the agent used. As reviewed recently, the actions of volatile anaesthetics in the spinal cord rather than those on higher brain structures seem to be responsible for depression of painful stimuli-evoked motor responses. 5 As the latter is predicted well by the Meyer-Overton rule, one might expect inhibition of the neuronal circuits in the spinal cord, mediating these movements, to also be in accordance with the rule. However, even here, several aspects of anaesthetic actions did not follow the rule.
In this study, we have provided evidence that halothane, isoflurane and enflurane, if applied at equal MAC values, alter the firing patterns of cerebellar Purkinje cells in different manners. Furthermore, the EC 50 values, estimated from concentration-dependent depression of mean discharge rates, were not in accordance with the predictions of the rule. These two results cannot be explained by an unspecific mechanism, as suggested by the lipid theory. 3 35 36 Our findings in cerebellar slices argue against a unitary mechanism of anaesthetic action in this system and indicate specific effects. From the results on hippocampal, spinal and cerebellar neurones, it must be concluded that in the mammalian central nervous system effects of volatile anaesthetics which follow the Meyer-Overton rule are an exception rather than a common observation.
EFFECTS OF TEMPERATURE
Comparison of investigations elucidating the actions of volatile anaesthetics on central neurones is difficult since, because of methodological considerations, some studies were carried out at room temperature while others were conducted at body temperature. 37 It remains unclear to what extent the reported effects depended on the particular temperature chosen in the experiments. Our data indicate that the effects monitored at room temperature provide a reliable approximation for the effects at body temperature. Although increasing the temperature by approximately 10 ЊC more than doubled the spontaneous spike rate ( fig. 2D ), neither depression of mean firing rates ( fig. 6 ) nor anaesthetic-induced alterations in discharge patterns ( fig. 5 ) differed considerably between temperatures. A similar conclusion with regard to temperature dependence was obtained from a study on the actions of enflurane on GABA-mediated inhibitory postsynaptic currents (IPSC) monitored from voltage-clamped Purkinje neurones. 38 Although increasing the temperature from 23 to 35 ЊC reduced current decays of IPSC by 50%, the action of 1 and 2 MAC enflurane on IPSC kinetics proved to be temperature independent.
MOLECULAR MECHANISMS OF ANAESTHETIC ACTION IN CEREBELLAR SLICES
It is commonly assumed that the molecular mechanisms underlying general anaesthesia occur in a range of clinically relevant concentrations and are in accordance with the Meyer-Overton rule. In spite of considerable research efforts, these mechanisms are still a matter of controversy. 3 18 19 21 There is growing evidence that the GABA A receptor ion channel complex is a good candidate for such a mechanism. 3 21 We demonstrated recently that enflurane decreased action potential firing of Purkinje cells in acutely isolated cerebellar slices by increasing GABA A -mediated synaptic inhibition. 38 At anaesthetic concentrations corresponding to 0.5-1.5 MAC, enflurane enhanced synaptic inhibition by approximately two-fold and thereby reduced the discharge rate by 20-30% ( fig. 7 in Antkowiak and Heck 38 ). As shown elsewhere, the actions of volatile anaesthetics on the GABA A receptor seem to follow the rule. This is consistent with the finding that at 1.0-1.5 MAC the decrease in firing rate of Purkinje cells was approximately similar for halothane, isoflurane and enflurane (see fig. 7 ). However, apart from the actions on GABA A receptors, clinically relevant concentrations of enflurane affected further ionic conductances of Purkinje neurons (figs 12, 13 in Antkowiak and Heck
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). At 0.5-2.0 MAC these effects considerably changed the discharge patterns of Purkinje cells, but did not alter mean discharge rates. Thus enfluraneinduced firing patterns of Purkinje cells and the decrease in the firing rate were caused by different molecular actions of the anaesthetic operating in parallel. At least one of these effects (potentiation of GABA-mediated inhibition) seems to follow the rule, but others do not. This explains why anaesthetic-induced changes in discharge patterns shown in figure 3 are not in accordance with the rule.
Antkowiak and Heck further excluded the fact that increased GABA A -mediated inhibition contributed considerably to depression of firing rates measured at 2-7 MAC. 38 At these high concentrations, the anaesthetic abolished action potential firing of presynaptic GABAergic interneurones and thereby reduced GABA A -mediated synaptic inhibition (figs 6 and 7 in Antkowiak and Heck 38 ). At concentrations of 2-7 MAC, further depressant actions come into play. 3 Assuming different mechanisms of anaesthetic action, which contribute to concentration-dependent reduction in average discharge rates, also explains the biphasic nature of the curves in figure 6 . It seems possible that activation of potassium channels, as observed in hippocampal, spinal and thalamic neurones, is involved, but other mechanisms, such as block of sodium channels, cannot be excluded. 3 In conclusion, our results may help to explain why so many studies on brain slices fail to identify mechanisms which follow the Meyer-Overton rule. The latter should not lead to the conclusion that anaesthetic actions, which are in accordance with the rule, do not occur in these preparations. We suggest that effects which are relevant for general anaesthesia and which mediate painful stimuli-evoked motor responses ( fig. 1 ) are frequently masked by side effects. As observed previously, research will have to concentrate on the problem of distinguishing between relevant and side effects. 3 The vast majority of studies concerning the mechanisms that underlie general anaesthesia have been carried out in vitro. It is noteworthy, however, that the few in vivo investigations available on this topic have reported similar phenomena. 5 
